Reduction of aquatic habitats through environmental management mitigates malaria transmission not only by reducing emergence of host-seeking mosquitoes, but also by increasing the amount of time required for vectors to locate oviposition sites. However, the consequence of source reduction on mosquito oviposition has largely been neglected in evaluations of environmentmanagement programs. Here, by theoretically examining the relationship between the time spent for oviposition and the availability of aquatic habitats, we show that prolonged oviposition cycles induced by source reduction account for a great deal of reductions in the basic reproductive rate of malaria, especially when aquatic habitats are scarce and the mosquito's flight ability is limited. Neglecting this mechanism may lead to substantial underestimation of the impact of source reduction of aquatic habitats on malaria transmission. Our findings suggest that the prolonged duration of the gonotrophic cycle might be one of the important mechanisms underlying the effectiveness of environment-management interventions for malaria control.
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Anopheles ͉ environment management ͉ flight ͉ gonotrophic cycle ͉ oviposition T he serious public health problem that malaria creates in many parts of the world calls for integrated management strategies to disrupt interactions among the parasite, human, and vector mosquitoes (1) (2) (3) . Current control efforts have concentrated on management of clinical aspects of malaria infections or measures against adult mosquitoes, such as indoor residual spray and insecticide-impregnated bed nets. Malaria transmission is a result of the interactions of a myriad of factors, and many of them are associated with thresholds for persistent circulation of the parasite at the population level. Theoretically, interruption of transmission can be obtained by driving one or more of these factors below the thresholds (4). Abundance and distribution of aquatic habitats are important determinants in defining local transmission intensity and malaria risk (5) . Moreover, many of the breeding habitats of vector mosquitoes are manmade, such as brick-making pits and seepage areas (6, 7). It does not make sense to keep those productive aquatic habitats producing host-seeking mosquitoes while trying to mitigate humanmosquito contacts. Therefore, environmental management of aquatic habitats should be one important component in integrated malaria management. However, environmental management has been largely neglected in combating malaria in Africa (8, 9) . The lack of zeal for control strategies targeting aquatic habitats can be attributed, at least partly, to the conventional wisdom that source reduction reduces only the abundance of human-biting mosquitoes, a strategy less effective for containing malaria, as suggested by Macdonald's model (10) . According to the World Health Organization (WHO) (11) , for example, the main impact of environment management (including source reduction) is to prevent or minimize vector propagation and reducing man-vector-pathogen contact.
Heterogeneity in adult mosquito productivity among various habitats is common in Africa (6, 7, 12, 13) . Recognition of the fact has led to the development of a framework for assessing the impact of larval interventions based on individual habitats (14) . This habitat-based framework not only highlights the effectiveness of targeted interventions in reducing the disease burden of malaria, but also explicitly acknowledges the importance of aquatic habitats as resources for ovipositing females. Female mosquitoes alternate between human hosts for blood feeding and aquatic habitats for oviposition, technologically notated as the gonotrophic cycle. The duration of this cycle is of fundamental importance in determining the stability of malaria (10, 15) . Because completion of the gonotrophic cycle depends on the availability of both hosts and aquatic habitats, reducing the number of aquatic habitats may influence the efficiency of mosquitoes locating oviposition sites, thereby increasing the duration of the gonotrophic cycle. Most transmission models, however, assume a fixed gonotrophic cycle of 2 or 3 days (10, (16) (17) (18) (19) , which implies that gravid mosquitoes can readily locate blood meal sources and, subsequently, suitable oviposition habitats. However, field observations indicate that this may not be the case. For example, the absence of anopheline larvae in suitable habitats has been frequently documented (6, 7, 9, 12, 20) , suggesting that mosquitoes might not be as efficient in locating oviposition sites as commonly assumed. On the other hand, intervention programs targeting aquatic habitats or preventing mosquitoes from accessing blood meals, such as using insecticide-impregnated bed nets, indeed resulted in altered gonotrophic cycles (21) (22) (23) (24) . Therefore, the assumption of a fixed gonotrophic cycle is questionable in light of intervention programs focused on elimination of aquatic habitats.
Attempts were made to incorporate the availability of oviposition sites in transmission models for malaria (8, 25) . In these works, mosquitoes were assumed to be capable of perceiving resources globally with coequal efficiency, i.e., resources were treated as being equally available regardless of the actual distance that those resources were from the mosquito (8) . However, empirical studies indicated otherwise, namely that mosquitoes could visually perceive only targets located within their immediate proximity, e.g., Ͻ20 m (26, 27) . Therefore, the availability of oviposition sites should be defined locally based on mosquito ability of flight and perception rather than globally defined as adopted in those studies. Because flight ability varies among mosquito species (28) (29) (30) , it is necessary to incorporate these differentials for evaluating mosquitoes' responses to environmental management of aquatic habitats.
Here, we elaborated on the idea of the availability of aquatic habitats from the perception of ovipositing mosquitoes. By developing a behavioral model of mosquitoes searching for oviposition sites, we incorporated the mechanism of altered gonotrophic cycles induced by source reduction into the evalu- We set up a landscape consisting of two types of grids: nonovipositional and ovipositional. The latter type was randomly distributed in the landscape. Two ''virtual'' mosquitoes with different daily flight abilities were modeled to search for oviposition sites in the manner in which they randomly visited one of the neighboring grids. Therefore, the rate at which a gravid mosquito encounters oviposition grids is as a function of the proportion of oviposition grids and the maximal daily flight range of the mosquito in search for oviposition. Note this definition is conceptually different from the encounter rate defined by others (8) , which was merely a function of the number of resources (hosts and/or aquatic habitats).
To incorporate the altered gonotrophic cycles in Macdonald's estimation of the basic reproductive rate R 0 to account for the availability of aquatic habitats, we substituted the biting habit a with the reciprocal of the duration of the gonotrophic cycle consisting of times spent for host-seeking, resting, and oviposition. The estimated values of R 0 were compared with the predictions from the traditional model with a fixed duration (3 days) of the gonotrophic cycle.
Results

Duration of the Gonotrophic Cycle as a Function of the Availability of
Oviposition Sites. When proportions of ovipositional grids were small and flight ability was limited, the estimation of the length of the gonotrophic cycle could be much longer than 3 days, a value commonly assumed in malaria models. The duration of the gonotrophic cycle increased in a nonlinear manner as the proportion of oviposition grids declined, reflecting the magnitude of the reduction in availability of aquatic habitats within the overall landscape (Table 1) . For example, reducing the proportion of oviposition grids from 12.5% to 10% exhibited a modest impact on the estimated duration of the gonotrophic cycle for both the inefficient and efficient searchers. It was increased by 0.6 days (from 4.1 to 4.7 days; 14.6%) for the inefficient searcher and 0.3 days (from 3.0 to 3.3 days; 10.0%) for the efficient searcher. On the other hand, dropping the proportion of oviposition grids from 5% to 2.5% yielded a much more substantial impact in terms of the length of the cycle. It was increased by 6 days (from 7.6 to 13.6 days; 78.9%) for the inefficient searcher and 3 days (from 4.7 to 7.7 days; 63.8%) for the efficient searcher. The inefficient searcher with poor ranging ability was uniformly more sensitive to the reduction in the availability of oviposition sites than the efficient searcher with good ranging capability ( Table 1) .
Impact of Prolonged Gonotrophic Cycles on the Estimation of Basic
Reproductive Rate of Malaria. Prolonged durations of the gonotrophic cycle induced by reduction in oviposition grids had a significant effect on the estimation of R 0 (Fig. 1) . When the proportion of oviposition grids was 2.5%, for example, the estimates of R 0 were 0.4 and 3 for the inefficient and efficient searchers, respectively, compared with R 0 ϭ 62 predicted by the traditional model with the fixed duration of 3 days. Therefore, the traditional model underestimated the impact on R 0 by 155 and 21 times for the poor and the good searcher, respectively. Interestingly enough, assuming ceribus paribus, these results suggest that variation in efficiencies of searching behavior alone could account for a significant difference in the estimation of R 0 . For example, in the case of the inefficiently searching mosquito, R 0 was only approximately half of that estimated for the efficient searcher (Fig. 1) .
Discussion
By characterizing the responses of mosquitoes to changes in the availability of oviposition sites, we show the consequences of the mechanism through which source reduction produces significant impact on malaria transmission. More importantly, the impact of altered gonotrophic cycles on the transmission potential progressively increases with reductions of oviposition habitats. Our results imply that the potential impact of environment management on malaria transmission may be underestimated by conventional models. These results suggest that this mechanism might play a role in the reported success of environment management of aquatic habitats for lowering the risk ratio of malaria in many endemic areas (31) .
In addition to huge costs in energy reserve, prolonged search flights expose resource-seeking mosquitoes to more risks associated with predators and other harmful conditions, which could further impair the fitness and make the impact even more dramatic. On the other hand, the preference of mosquitoes for certain habitats may delay egg-laying until they find suitable water. Many studies have shown that gravid mosquitoes tend to be selective in choosing oviposition sites so that predators and/or conspecific competition can be avoided (32, 33) . The preference of oviposition habitats can prolong the gonotrophic cycle further, because egg-laying mosquitoes may hold up oviposition even when they encounter unsuitable habitats until they locate preferred habitats. Put together, these factors can exacerbate the difficulty associated with oviposition when suitable aquatic habitats are scarce and far from human habitations, and thus make source reduction even more effective than predicted by our model. The hypothesis that source reduction can prolong the gonotrophic cycle of mosquitoes challenges the assumption of a fixed gonotrophic cycle commonly adopted in conventional malaria models. It is difficult to obtain empirical data on daily dispersal ranges of resource-seeking mosquitoes using conventional mosquito sampling (8) . Few empirical data are available for quantifying the search patterns of mosquitoes. Although mark-release studies were useful in providing information on survival rates and population abundance, estimation of flight distances was ad hoc and tentative because dispersal of released mosquitoes was affected by locations of human habitats and aquatic habitats relative to the releasing site (34) . However, limited field data showed that An. gambiae exhibited a constrained daily flight range. For example, a majority of released mosquitoes dispersed Ͻ1/4 mile in the first day after release (28, 34) . Empirically, the duration of the gonotrophic cycle can be estimated directly by examination of the gonotrophic status of mark-releaserecapture of fed mosquitoes (35) . Therefore, it is possible to estimate the flight range statistically, using empirical estimates of the durations of the gonotrophic cycle from areas with various availabilities of oviposition sites.
As is the case with most of modeling work, our model and numerical predictions are constrained by the adopted assumptions and parameter values. One of the key premises is the search patterns of the mosquito for oviposition sites and hosts. In our assumptions, mosquito search for oviposition was random in flight direction, and host-seeking required half the time spent for the corresponding oviposition search. Several models have attempted to explore more realistic patterns of flight behaviors, e.g., Levy flight, in which the flight range is not a constant but is chosen from a probability distribution with a power-law function. Levy flight leads to an optimal search pattern for new habitats by foraging animals when resources are scarce and randomly distributed (36) . Given the paucity of empirical data relevant to resource-seeking behaviors of mosquitoes in the field, it is not sensible to focus on quantitative predictions of our models. Nonetheless, our model can be used to generate qualitative insights regarding the relationship between the gonotrophic cycle and the availability of aquatic habitats.
For Aedes aegypti, a vector of dengue virus, studies indeed showed that elimination of oviposition sites enhanced the flight of the mosquito (21, 22) . These authors argued that the increased flight of Ae. aegypti induced by reduced availability of oviposition sites would favor spreading of dengue and yellow-virus infections. By contrast, we show here that source reduction of oviposition sites at the landscape level would ultimately reduce the vector capacity. Therefore, variation in spatial scale of intervention programs can result in strikingly different predictions. Variability in the abundance of anopheline oviposition habitats is common among African communities. Even in the same communities, the number of habitats might change considerably over the seasons (6) . As shown by our models, gravid mosquitoes may experience difficulties in locating oviposition sites, resulting in reduced vector capacity of malaria transmission when aquatic habitats become scarce.
Methods
To specify our model, we assume that female mosquitoes take only one blood meal per gonotrophic cycle and do not resume host-seeking activity until after eggs have been laid. The length of the gonotrophic cycle (G) is divided into three parts: the time spent for host-seeking (G h ), resting and egg maturation (G r ), and oviposition (G o ). The frequency of mosquitoes biting humans, a, is estimated as the ratio of the human blood index (HBI) to G. For simplicity, we assume that the mosquito takes blood meals only from humans (HBI ϭ 1 and a ϭ 1/G).
For modeling purposes, a square landscape of grids was constructed with the side length of 50 grids (the total number of grids N ϭ 2,500). There were a number of grids, H, in which mosquitoes could find oviposition habitats, and these oviposition grids were randomly distributed across this landscape. Therefore, ␤ ϭ H/N is the proportion of oviposition grids in the landscape. By this setting, our model is spatially implicit, because only the proportion of ovipositional grids, rather than their locations, affects the rate at which the mosquito encounters oviposition sites.
Two ''virtual'' mosquitoes, representing different daily ranging abilities, were modeled to search for oviposition sites and blood-meal hosts in this landscape. The search f light was conducted in the manner that the mosquito kept randomly visiting one of its neighboring grids until it encountered ovipositional grids. When encountering an oviposition grid, the mosquito could succeed in locating the habitat and laying eggs. With the grid size of 50 m ϫ 50 m, this implies that the centroid-located mosquito had the (visual or olfactory) perceptual range of Ϸ25 m. No taxis or wind-driven movement was considered. The assumption of random searching f light is consistent with the current knowledge that the f light paths of resource-seeking mosquitoes were zigzag before the receptive f light directed toward the target (37) (38) (39) . The mosquito was assumed to search a maximal number, S, of grids per day for oviposition. The poor searcher searched S ϭ 5 grids/day (f light path 250 m), whereas the good searcher was assumed to be capable of searching up to 10 grids per day (f light path Ϸ500 m). The rate, E, at which a gravid mosquito encounters oviposition grids is approximated as
On average, a gravid mosquito spends G o ϭ 1/E days for oviposition. To complete a gonotrophic cycle, the mosquito must commute between human hosts for blood meals and oviposition sites to lay eggs. With decreases in the availability of aquatic habitats, mosquitoes tend to fly far from hosts to seek oviposition sites. Therefore, the time spent for host-seeking, G h , is somehow a function of G o . There was some evidence that memories might play a role in host-seeking (40) . Therefore, G h is likely shorter than G o . For simplicity, here G h was set arbitrarily to be half of G o (i.e., G h ϭ 0.5G o ). By assuming the resting time G r ϭ 1 day, the length (G ϭ G h ϩ G r ϩ G o ) of the gonotrophic cycle is expressed as
By defining the availability of resources from the perception of mosquitoes, we are able to link environmental management (manipulating ␤) of habitats to the life-history feature. This mechanism can be incorporated in the estimation of the basic reproductive rate, R 0 , the most important measure of transmission dynamics. R 0 is defined as the expected number of newly infected humans that will occur if one infected human is introduced into a totally susceptible human population (10) . To incorporate the altered gonotrophic cycles in Macdonald's estimation of R 0 to account for the availability of aquatic habitats, we substitute a with 1/G and derive
where r is the recovery rate, p is the daily survival rate of mosquitoes, and T is the extrinsic incubation period. To calculate R 0 , we used the values of r, T, and p as 0.01, 10 days, and 0.8, respectively (14) . The parameter m is the number of female mosquitoes per person per day. It is modeled as a function of the number, H, of oviposition grids,
where ␦ is a parameter measuring emergence rates of individual habitats. We set ␦ ϭ 0.1, which is equivalent to 1 mosquito per person per day per 10 oviposition grids. In traditional models, source reduction affects R 0 only by reducing m through H. By varying numbers (proportions) of oviposition grids in the landscape, we can compare estimates of R 0 based on traditional models with the fixed gonotrophic cycle G ϭ 3 with our behavior model.
